Abstract: 6 This paper outlines a procedure to support selection of repair strategies for damaged structures 7 after an earthquake. Under strong shaking, modern, code-compliant, bridges can sustain significant 8 damage to their ductile members, and failure of sacrificial members. However, there are many 9 choices of repair strategies, and no clear guidance on their selection. This paper proposes a seismic 10 performance assessment framework to determine repair costs for reinforced concrete bridges, 11 considering costs associated with both the initial repair and future expected seismic repairs (which 12 are based on the performance of the repaired bridge). For initial repair, the paper considers several 13 common column repair techniques, which are separately evaluated in terms of direct costs. For 14 future expected repairs, the paper proposes a method to evaluate the effect of each of the repair 15 strategies on a repaired bridge's post-repair future seismic performance to quantify the expected 16 repair costs associated with each strategy over the remaining service life of the bridge. The This study enhances the existing performance-based earthquake engineering (PBEE) 39 framework for bridges, in terms of losses, i.e. repair costs, in several ways. In particular, it 40 contributes a novel procedure that explicitly accounts for alternative repair methods in terms of 41 initial direct costs. More importantly, the study subsequently shows how the post-repair 42 performance of each repair strategy can be established and incorporated in the performance 43 assessment framework. This approach considers that each strategy may have different implications 44 in terms of future seismic response and, hence, damage and repair costs. To support the 45 implementation of the framework, we propose a new set of damage states for modern reinforced 46 concrete (RC) bridges that are consistent with damage assessment procedures used by field 47 engineers in California, and tabulate and report associated repair costs. We further investigate and 48 identify optimal intensity measures (IM) for 3D models of RC bridges. 49
Introduction 30
Modern practice in seismic design of bridges aims to prevent collapse and loss of life for 31 conventional bridges during strong earthquakes (Caltrans 2010 ). However, during such 32 earthquakes, these bridges can experience extensive damage to their components. This damage 33 can produce significant consequences for communities, due to repair costs and bridge closure. For 34 example, following the 2014 Napa earthquake, Caltrans reported 21 damaged bridges, with total 35 repair costs exceeding $2.75 million (Caltrans 2014) . Once a bridge is damaged, it is inspected, 36 the type of repairs is selected, and the repair is then designed and constructed (Veletzos et al. 37
2006). The selection of the repair technique is left to the expertise of the field engineer. 38
This study enhances the existing performance-based earthquake engineering (PBEE) 39 framework for bridges, in terms of losses, i.e. repair costs, in several ways. In particular, it 40 contributes a novel procedure that explicitly accounts for alternative repair methods in terms of 41 initial direct costs. More importantly, the study subsequently shows how the post-repair 42 performance of each repair strategy can be established and incorporated in the performance 43 assessment framework. This approach considers that each strategy may have different implications 44 in terms of future seismic response and, hence, damage and repair costs. To support the 45 implementation of the framework, we propose a new set of damage states for modern reinforced 46 concrete (RC) bridges that are consistent with damage assessment procedures used by field 47 engineers in California, and tabulate and report associated repair costs. We further investigate and 48 identify optimal intensity measures (IM) for 3D models of RC bridges. 49
In this paper, the proposed framework is applied to two prototype bridges representing modern 50 conventional California highway overpass bridges. The bridges are subjected to incremental 51 strategies 122
The present study builds on previous work to propose a framework for seismic performance 123 assessment of bridges that explicitly considers multiple repair strategies and their post-repair 124 performance. The proposed framework consists of separate PBEE assessment of the original and 125 repaired bridges, with the assessment being performed for all repair strategies of interest. The 126 outline of the framework is shown in Fig. 1 . 127 128 a cost model (shown in Fig. 1 ). The repair model determines quantities (Q) of materials, labor, and 138 equipment that are needed to repair an element in a given DS. These quantities are economically 139 evaluated in the cost model. The final result of a PBEE evaluation is the mean annual frequency 140 of occurrence of the DV. This study focuses on a single DV, repair costs (sometimes referred to 141 as "direct economic losses"), which are assessed for two prototype bridges. Our damage model 142 considers damage to all major bridge components, and the effect of competing repair strategies for 143 columns. 144
As highlighted in Fig. 1 , the proposed framework then repeats the PBEE procedure to model 145 and assess the bridge(s) with the one of the various repair strategies to quantify future seismic 146 performance of the repaired bridge. Contrary to Jeon et al. (2016) , we do not propose to use time-147 dependent elements or "back-to-back" dynamic assessment, but rather a separate analysis of the 148 repaired structure under the same set of motions. This approach is more convenient for practicing 149 engineers and reduces computational time, but some parts of the damage may not be fully captured 150 by the model of the repaired bridge (see discussion below). The assessment of the repaired bridge 151 is a novel contribution here (unlike Deco et al. (2013) , Tapia and Padgett (2016) and others) 152 because it incorporates post-repair performance, which can significantly affect the expected costs 153 over the bridge's remaining service life, into the framework. Hence, this framework can be readily 154 used to select the repair strategy with the lowest initial or projected service-life cost. 155
The PBEE methodology accounts for uncertainty in each of the models. The record-to-record 156 variability in structural response is captured by simulating EDPs in multiple motions at a given IM 157 quantities of material needed due to uncertainty in materials needed for construction or the extent 162 of damage. Lastly, the variation in unit costs, which are used in the cost model, is due to competing 163 material producers, seasonal demand of materials, distance to manufacturers, etc. 164
Bridge design and simulation model 165
Selection and design of prototype bridges
166
The proposed framework is applied to two bridges for which plans are available. These bridges 167 are representative of post 2000 construction in California. "Representativeness" is evaluated with 168 respect to the 2015 National Bridge Inventory (FHWA 2015) , from which the authors identified 169 trends in recent bridge construction in California, as discussed in Section S3. 170
Two bridges are selected for this study (more details in Table S3 bridges represent a range of geometric properties; PB1 has a relatively large number of columns 179 with small superstructure cross-section and small abutments, while PB2 has small number of 180 columns, but large superstructure cross-section and abutments. Both bridges are assumed to be 181 located in Orange, CA. 182 specifications (Caltrans 1994a (Caltrans , 1994b (Caltrans , 2013 , with design details provided in Section S3. 184 185 
207
The soil-structure interaction for both bridges is modeled using translational and rotational 208 linear springs that consider the foundation design (see Section S3). The superstructure is modeled 209 using linear-elastic elements. The abutments are modeled using combinations of nonlinear zero-210 length springs (Fig. S6) . Additional rotational springs at the bottom and top of each column are 211 considered to simulate bar slip. More information on modeling can be found in Section S4. 212
In addition, the bridges are re-modeled with each of the repair strategies. For the sake of clarity 213 of the procedure, this modeling approach is described in a separate section below.
Demand model 215
To develop a demand model, the 3D nonlinear models of the bridges are analyzed using IDA. 216
In IDA, the model of a structure is subjected to seismic excitation represented by a suite of ground 217 motions, with each ground motion incrementally scaled up until collapse (Vamvatsikos and 218 Cornell 2002) . In this study, the model of each bridge is subjected to a set of 39 far-field ground 219 motions (Haselton and Deierlein 2008 (1)
Saavg is the geometric mean of Sa computed over the given period range. We consider Saavg in the 224 range of 0.8T1 to 1.5T1 in the transverse (T) and longitudinal (L) directions, with N being the number 225 of 0.01 s increments in the period range; each period considered is denoted aiT1. We use the 226 arithmetic mean of Saavg in the two orthogonal directions, denoted Sa avg ̅̅̅̅̅̅ ,: 227
Saavg avoids problems with the elastic Sa(T1) IM because it quantifies the spectral shape of each 228 motion in proximity to its fundamental period, and captures the effect of period elongation as the 229 structure enters the nonlinear range. The analysis conducted to select the IM is described in Section 230
S1. 231
The damage model considers damage to all major bridge components. For each component, a 232 set of DSs is defined, which may be defined based on several different EDPs. After dynamic 233 analysis of the structure is performed, the joint distribution of EDPs for each IM level is quantified. 234 EDP realizations per IM level are generated, as described in Section S2. The randomly generated 236
EDPs are compared with the randomly generated onset of each DS (described below) to determine 237 the extent of the damage and design the repair for each component of the bridge. 238 
Damage states

263
Damage to abutments designed to the latest Caltrans specifications is concentrated in bearings, 264 in shear keys in the transverse direction, and in backwall and backfill in the longitudinal direction. 265
All of these are referred as "sacrificial elements". Details about the DS definitions are provided in 266 Table S4 . Other abutment components, such as stemwall, wingwall or foundation, are capacity 267 protected and, hence, unlikely to get damaged. bearing and concrete being exceeded, "roll-over" and "roll-off" (see Section S5). For the selectedbridges, the authors determined that slipping is the limiting failure mode and occurs at median 272 shear strains of 250% (PB1) and 240% (PB2) (Caltrans 1994a) . Failure due to slipping is the only 273 DS defined for the bearings. 274
In the transverse direction, the shear keys are designed to shear off before the capacity of 275 wingwall or abutment foundation is reached (Bozorgzadeh et al. 2006 ). The shear key DSs are 276 based on our engineering judgment, as a percentage of the shear key displacement capacity (refer 277 to Section S5 and Fig. S5a) . 278
The backwall DSs are based on experimental work (Bozorgzadeh 2007) . That study observed 279 that the peak resisting force of backwall and backfill occurs at 1.5% drift ratio of backwall 280 (measured as maximum lateral displacement of the top of the backwall over the height of the 281 backwall), and the residual strength around 4.5% of drift ratio (refer to Section S5 and Fig. S5b) . 282
Superstructure damage states
283
Although the superstructure is a capacity-protected element and is expected to remain 284 essentially elastic, some minor damage may occur. First, surface damage may occur due to impact 285 between the superstructure and shear keys and/or backwall, when the gaps close. This damage is 286 already captured in the DS (and repairs) of abutment elements. The second type of damage is 287 associated with strains in superstructure due to longitudinal loads and moments, and consequent 288 crack formation. Thus, two simultaneous DS associated with flexural cracks and compressive 289 microcracks are defined in Table S5 . 290
Global damage states
291
The column DSs in Table 1 do not explicitly consider residual drift. At a certain level of 292 residual drift, it is too difficult to reset the structure to its original position (Kawashima and Unjoh 293 drift larger than 1% may require replacement, and that all columns with residual drift of 1.5% and 295 larger require replacement. A linear function was adopted as a fragility curve between these limits. 296
If the residual drift DS occurs together with one of DS1-6, the repair solution for the residual drift 297 DS governs. 298
Collapse of the bridges is defined here as instability of the bridge and/or unseating of the 299 superstructure in the longitudinal direction. Unseating occurs when the longitudinal displacement 300 of the superstructure exceeds the seat width of the abutments; seat widths are reported in Section 301 S5. After the superstructure unseats, collapse occurs from failure of the girders due to extensive 302 negative moments above the bent closest to the abutment. Collapse due to instability occurs when 303 P-delta effects cause the displacement of the superstructure to continue to increase after the ground 304 motion ends. 305
Repair strategies and costs 306
Despite Caltrans sponsoring several projects to evaluate CFRP and other repair methods (e.g., 307
Saini and Saiidi (2013) or Vosooghi and Saiidi (2013)), there is a lack of standards or guides to 308 inform design of repairs for bridges after an earthquake. However, Caltrans does provide retrofit 309 specifications for steel and FRP jackets (Caltrans 2008 (Caltrans , 2011 . In this paper, repairs are designed 310 based on recent research on repair methods and these retrofit specifications. 311
Column repairs
312
Repair methods for the columns are summarized in Table 2 . The repairs for DS1 and 2 are 313 nonstructural and are performed for durability reasons. For DS3 through 5, we consider four 314 jacketing techniques, considering jackets made of RC, steel (Caltrans 2011) , CFRP (Vosooghi and 315 
319
The jackets designed for DS3 through 5, illustrated in (Fig. S7) , and patching of the backwall. For DS4, the entire backfill is excavated and 349 filled, and the backwall and approach slab are replaced.due to bearing repairs, shear keys repairs, etc. This study, however, adds these element repair costs 352 together and reports them as abutment repair costs. 353
Superstructure repairs
354
The repair of DS1 consists of applying a sealing resin on 30% of the superstructure surface. 355 DS2 is treated with epoxy injections applied on 30% of the surface, summarized in Table S7 found that concrete was used for approach slabs in 38 projects during this time period. The authors 366 collected the quantity and unit cost from each of these projects and used the data points to create 367 consequence function, as shown in Fig. 5 . For all the unit costs, the parameters are provided in 368 Table S8 . 369 
372
Incorporating Seismic Performance of Repaired Bridges 373
Modeling of repaired bridges
374
The post-repair performance of each alternative column repair strategy is investigated by 375 creating nonlinear simulation models of the repaired bridges and subjecting them to the seismic 376 performance assessment. The model of the repaired bridges assumes that the repair jackets are 377 constructed around all column plastic hinges; this is a reasonable assumption given the high 378 correlations between plastic hinging at the top and bottom of a given column and among different 379 columns. The columns are then modeled using separate GI elements for the repaired and 380 unrepaired parts of the column, as shown in Fig. S8 . 
401
The columns repaired with RC and prestressed jackets are assumed to have the same DS set as 402 defined for RC columns in Table 1 . However, in the case of steel and CFRP jackets, a new set of 403 retrofitted or repaired with steel and CFRP jackets showed that only minimal damage is observed 405 until extensive yielding or buckling of the steel jacket (Priestley et al. 1994 ), or rupture of the 406
CFRP jacket (Vosooghi and Saiidi 2013). This damage requires replacement of the jackets in either 407
case. The minimum thickness of steel jacket prevents the buckling of the jacket and hence it is not 408 considered here. It is assumed that the entire column will be replaced if rebar buckling or fracture 409 occurs. We are not concerned about the rebar buckling DS in the case of steel jackets, because 410 even the yielded jacket can provide enough confinement to restrict the longitudinal rebar from 411
buckling. 412
For the sake of clarity of comparisons, we assume that if the repaired columns need extensive 413 repairs in subsequent seismic events, they would be repaired with the same type of repair jackets. 414 To compare the impacts of repair decisions and post-repair performance over the service life 421 of the bridge for different repair strategies, we propose decision curves that quantify the present 422 value of expected repair costs over the service life of the bridge (75 years). In this framework 423 (shown in Fig. 6 ), the present value of the total repair cost over the service life of the bridge (CT) 424 comes from two sources: the costs of repairing the bridge during an initial earthquake (CI), and the 425 costs of repairing the repaired bridge due to future seismic hazard over the remaining service life 426 (CE) after the initial earthquake. The initial earthquake shaking is assumed to be strong enough 427 that it warrants column repair by the jacket repairs being compared here (i.e., putting columns in 428 DS3 -5). In essence, we choose to condition our decision curves on an initially damaging event, 429
because it brings to light differences in post-repair behavior, while providing a "level playing 430
ground" for investigation of the repair strategies; however, the assessment is not strictly hazard 431 consistent. 432 433 2) A medium intensity shaking region: the damage in this region is significant enough to require 472 jacketing. In this region, the repair costs associated with the CFRP jackets are the largest 473 because of the larger unit costs of the CFRP material and its application. The most cost-474 efficient strategies are RC jackets for PB1 and steel jackets for PB2. The design of the steel 475 jackets is governed by the minimum thickness of the jacket (10 mm = 0.4 in) based on Caltrans 476 (2011)'s retrofit design aid. However, this thickness is greater than that needed to satisfy the 477 confinement and shear demands. Hence, when the diameter of the column increases (from PB1 478 to PB2), the jacket material increases only by the column surface area that needs to be covered 479 (proportional to square of the column diameter). Conversely, in the case of the RC jacket, the 480 design is governed by the transverse reinforcement requirements. Hence, when the diameter 481 increases, the transverse reinforcement amount is increased both by the column surface area 482 that needs to be covered as well as by higher amount of reinforcement needed to confine the 483 larger diameter (proportional to cube of the column diameter). As a result, the steel jacket is 484 more cost-effective for the larger diameter columns (as in PB2). 485
3) A high intensity shaking region: here, the damage to columns is extensive, due to buckling or 486 fracture of the longitudinal rebar, or large residual displacements. As a result, the differences 487 in expected repair costs among different repair strategies are again minimal, because the most 488 likely outcome is that columns are replaced. 489
Although there are differences associated with the column repair strategies (Fig. 7) , these are 490 not significant when the repair costs of the entire bridge are considered. Thus, for simplicity, the 491 total repair costs in Fig. 8 are shown only for the bridges repaired with CFRP and steel jackets. 492 
500
For PB1, the column repair costs have a higher contribution than abutment repair costs (totaling 501 shear key, bearing, and backwall costs) at low IM values (up to about 0.5 times the design value), 502 but at greater shaking intensities the abutment repairs have the highest contribution. At low IM 503 values, the abutment components are "protected" by the gap between the superstructure and shear 504 keys / backwalls. For PB2, the abutment repair costs have the highest contribution even at low IM 505 levels. This important contribution occurs due to the larger size of the abutment, which increases 506 the amount of material needed to repair the abutment components relative to PB1. In general, 507 abutment repair costs will be most critical for bridges with a few long spans (due to increase in the 508 height of the superstructure to limit the deflections under gravity loads) and with wide 509 superstructures (e.g., PB2). The contribution of column repair costs tends to increase with the 510 number of spans/columns. 511
Results of pushover analysis of the original (undamaged) and repaired bridges, illustrated in 514 Fig. 9 , offer the first insight into the post-repair behavior of the repaired bridges. In the case of 515 PB1, all repair strategies, except RC jackets, provide greater displacement capacity and flexural 516 strength than the original columns (Fig. 9a) . The CFRP, steel and prestressed jackets are designed 517 explicitly to 2MPa (300 psi) confining pressure, while in the design of original bridge and RC 518 jacket repair, the confining pressure is implicitly considered in the minimum shear reinforcement 519 (Caltrans 2013) . For these two cases, the actual confining pressure may be lower, explaining the 520 lower deformation capacity. Conversely, the minimum thickness of the steel jacket required by 521
Caltrans (2011) more than provides sufficient confinement and shear strength, resulting in 522 significant increases in the deformation capacity and ultimate strength of the column. The analysis 523
indicates that the initial stiffness of bridges repaired with RC and prestressed jackets is slightly 524 increased due to the increased dimensions of the jackets relative to the original column (and 525 because these models neglect the effects of previous cracking in the non-repaired part of the 526 column). 527 Fig. 9b shows, in the case of PB2, that only the steel jacket enhances the displacement capacity 528 of the columns. The steel jacket is effective because the minimum thickness requirement still 529 governs, but by smaller margin than in the case of PB1. The prestressed and CFRP jackets manage 530 to essentially restore the flexural and displacement capacities of the original bridge. The RC jacket 531 restores neither the displacement nor the moment capacity. When examining initial stiffness of 532 PB2, unlike PB1, none of the repair strategies manages to restore it to the original value (Fig. 9b) . 533
The thickness of the repair jackets remains the same regardless of the diameter of the original 534 column and, hence, for columns with larger diameter (e.g., PB2), the jackets will add relativelyless stiffness; eventually, as the diameter of the column increases, the jackets cannot restore the 536 stiffness. Large scale tests have confirmed that RC jackets can restore stiffness for tested diameters 537 
542
The performance of each of the repair methods can be also examined by quantifying the 543 seismic repair costs of the repaired bridge as a function of IM. These results, shown in Fig. 10,  544 confirm the pushover analysis conclusions. The initial stiffness and element repair cost 545 contribution govern the costs at lower IMs. Damage of bridge elements is related to the 546 displacements of the superstructure and, hence, more flexible bridges experience, in general, 547 higher damage and repair costs. At higher IM levels, the performance depends primarily on the 548 likelihood of collapse, which is inversely correlated with deformation capacity. Hence, bridges 549 with higher displacement capacities have lower expected repair costs in this range of response. 550
When a bridge does not collapse, the repair costs are always relatively low (because the most 551 expensive component, the superstructure, does not need to be replaced). 552
In the case of PB1, the steel jacketed bridge has lower expected repair costs compared to the 553 rest of the jacketing strategies, as shown in Fig. 10a . Steel jackets are followed by CFRP, 554 prestressed, and RC jackets at high IM levels, confirming the dependence on deformation capacity 555 in this regime. The CFRP-jacketed bridge has the lowest initial stiffness, which is exhibited with 556 highest repair costs at low IMs, due to abutment damage. On the other hand, the repair costs at low 557
IMs for RC and prestressed jacketed bridges, which are stiffer, come from minor damage to 558 columns due to cracking and spalling. The original bridge has relatively high repair costs, because 559 it is not as stiff. 560 Fig. 10b shows that, for PB2, the steel jacket has generally lower repair costs than the rest of 561 the repair methods, followed by prestressed, CFRP, and RC jackets. Due to similar deformation 562 capacities of the prestressed, CFRP and original bridges, the repair cost curves are similar in the 563 high IM level region. The original bridge has the best performance for lower IM levels, due to its 564 stiffness. The CFRP repaired bridge again shows the highest repair costs at low IMs. 565 Results above show that, for the selected bridges, the costs of each of the repair strategies are 575 relatively similar after the first earthquake (Fig. 8) . Hence, differences in expected repair costs 576 over the service life of the bridge are driven by the post-repair performance, i.e. the performance 577 of the repaired bridge in subsequent earthquake(s). For the selected site, the future repair costs are 578 governed by the low intensity events (which have high frequency of occurrence). As a result, the 579 repair strategies with worse performance at the low IMs have higher service life repair costs 580 compared to strategies with better performance at low IMs. The lowest service life repair costs are 581 predicted for the steel jacket repairs for PB1, and RC jackets for PB2. 582
Most importantly, this study documents the implications of accounting for the post-repair 583 performance of the bridge. If repair strategies are selected solely on the basis of the repair costs 584 after the first earthquake (Fig. 8) , RC and steel jackets would be the selected strategy for PB1 and 585 PB2, respectively. When the post-repair performance is considered, the most desirable strategy 586 swaps between the two bridges. In the post-repair context, initial stiffness plays a great role, and 587 its effect is amplified by the dimensions of abutments. The strategy that most affects stiffness 588 depends on the material and size of jackets relative to columns. 589
Conclusions 590
This paper presents a comprehensive seismic performance assessment framework for RC 591 bridges that accounts for competing repair strategies and their seismic performance. The 592 framework has two parts. In the first part, it compares the initial costs of each repair strategy. 593
However, the main novelty comes in the second part of the framework, where it provides a 594 procedure for explicitly accounting for differences in seismic performance of the repaired bridges. 595
As a result, projected repair costs that consist of the initial costs and the future seismic repair costs 596 of the repaired bridge are determined. This step is of particular importance because previousexperimental studies at the component level have shown that the competing repair strategies do 598 not have the same performance. 599
In addition, we offer some detailed methodological improvements to facilitate this framework. 600
To minimize the uncertainty in the results, the study introduces an optimized intensity measure for 601 3D nonlinear models of reinforced concrete bridges. This intensity measure is selected based on 602 its low dispersion and high correlation with demand parameters of several major bridge 603 components. Furthermore, to allow for direct comparison between damage observed in the field 604 and during numerical simulations, this study presents definition of damage states for all bridge 605 components that are consistent with recommendations for post-earthquake visual assessment of 606 real structures, but are also readily available from results of numerical simulations. A database of 607 repair costs is also developed and tabulated for use by other researchers. 608
The proposed framework is then applied to two RC bridges. The results demonstrate that the 609 seismic performance of the bridges repaired with these strategies can be quite different. Hence, the 610 expected repair costs over the service life of the bridge are driven by the post-repair performance. 611 Indeed, in the cases shown here, a decision based on the repair costs after the first earthquake does 612 not minimize estimated service-life repair costs. As a result, this analysis demonstrates the 613 importance of selecting repair strategies considering the future seismic performance of the bridge. 614
In addition, although the selected bridges do not characterize an entire class of bridges, some 615 general conclusions and recommendations can be drawn from the results. The examples show that 616 the difference in repair costs in a given earthquake associated with competing column repair 617 strategies is relatively small (about 2% of the costs of a new bridge). As a result of this low 618 difference in cost, there is potential for the post-repair performance to play a significant role in 619 repair strategy selection process. RC and steel jackets are shown to have the lowest initial repairthe studies show that abutment repair costs have a greater contribution to total repair costs than 622 column repair costs even in the least favorable configuration (large number of columns and small 623 dimensions of the abutment), and the contribution increases with the size of the superstructure (and 624 consequently of abutment elements). This observation is important because it helps to select repair 625 strategies that reduce projected future repair costs. Repairs that can better restore initial stiffness 626 will often result in lower future repair costs, because the higher stiffness postpones the abutment 627 damage. Lastly, especially for small diameter columns, the design of the column repair jackets is 628 often driven by minimum dimensions requirements. This can lead to a significant improvement in 629 performance. As the column diameter enlarges, other factors start to govern the design and the 630 degree of overdesign, and, with it, the relative improvement in performance decreases. 
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